Root cortical senescence (RCS) in Triticeae reduces nutrient uptake, nutrient content, respiration, and radial hydraulic conductance of root tissue. We used the functional-structural model SimRoot to evaluate the functional implications of RCS in barley (Hordeum vulgare) under suboptimal nitrate, phosphorus, and potassium availability. The utility of RCS was evaluated using sensitivity analyses in contrasting nutrient regimes. At flowering (80 d), RCS increased simulated plant growth by up to 52%, 73%, and 41% in nitrate-, phosphorus-, and potassium-limiting conditions, respectively. Plants with RCS had reduced nutrient requirement of root tissue for optimal plant growth, reduced total cumulative cortical respiration, and increased total carbon reserves. Nutrient reallocation during RCS had a greater effect on simulated plant growth than reduced respiration or nutrient uptake. Under low nutrient availability, RCS had greater benefit in plants with fewer tillers. RCS had greater benefit in phenotypes with fewer lateral roots at low nitrate availability, but the opposite was true in low phosphorus or potassium availability. Additionally, RCS was quantified in field-grown barley in different nitrogen regimes. Field and virtual soil coring simulation results demonstrated that living cortical volume per root length (an indicator of RCS) decreased with depth in younger plants, while roots of older plants had very little living cortical volume per root length. RCS may be an adaptive trait for nutrient acquisition by reallocating nutrients from senescing tissue and secondarily by reducing root respiration. These simulated results suggest that RCS merits investigation as a breeding target for enhanced soil resource acquisition and edaphic stress tolerance.
Root cortical senescence (RCS) is a type of programmed cell death in Triticeae (Henry and Deacon, 1981; Deacon and Mitchell, 1985) . It begins in the epidermis and progresses to inner cortical cell files. However, the literature has suggested that the cortex of axial roots directly adjacent to lateral roots and lateral roots themselves do not undergo senescence. RCS progresses basipetally (Henry and Deacon, 1981) and is anatomically distinct from the formation of root cortical aerenchyma (Deacon et al., 1986; Schneider et al., 2017) and the loss of the root cortex due to secondary growth in dicots (Bingham, 2007) .
Previous literature suggests that three main components of RCS may have functional implications: reduced root respiration, reduced radial transport of nutrients and water, and nutrient reallocation from senescing tissues (Robinson, 1990; Schneider et al., 2017) . A simple modeling exercise suggests that reallocation of phosphorus during RCS may be beneficial by supporting new growth (Robinson, 1990) . We propose that the remobilization of nitrogen and potassium also may be beneficial when these resources are limiting. Empirical studies have demonstrated that RCS formation reduces the nutrient content of root tissue on a length and dry weight basis, since air spaces in the cortex do not contain nutrients and the stele and cortex have different tissue and nutrient densities (Schneider et al., 2017) . Although the amount of nutrients released by senescing cells during RCS is small, over time they may have a significant effect, as an improved plant nutrient status supports greater growth rates and, thus, greater soil exploration in an autocatalytic manner (Wissuwa, 2003; Lynch et al., 2014; Saengwilai et al., 2014) .
The metabolic costs of root tissue, including respiration and the investment of scarce resources, including nutrients, are important drivers of plant tolerance to edaphic stress (Zhu et al., 2010; Postma and Lynch, 2011a; Jaramillo et al., 2013; Saengwilai et al., 2014; Chimungu et al., 2015) . Respiration is a result of physiological activities such as tissue maintenance, growth, and nutrient uptake. Besides respiration, the metabolic cost of soil exploration also includes root exudates and the investment of nitrogen and phosphorus into tissues. When the soil availability of these nutrients is low, plant growth is reduced and reallocation of these nutrients to growing tissue becomes an important strategy for maintaining new growth, which can increase overall resource capture (Lambers et al., 1996; Lynch and Ho, 2005; Postma and Lynch, 2011a; Lynch, 2015) . More than 50% of photosynthate may be allocated to root respiration (Lambers et al., 1996) , and the maintenance of cortical tissues account for the majority of the root respiration (Schneider et al., 2017) . Root cortical phenes (phene is to phenotype as gene is to genotype ; Lynch, 2011; Pieruschka and Poorter, 2012; York et al., 2013) , including root cortical aerenchyma, cortical cell size, and cortical cell file number, can influence soil resource capture by regulating the metabolic costs (i.e. carbon and nutrient investment) of soil exploration (Lynch, 2015) . In maize (Zea mays), the development of root cortical aerenchyma reduces the living cortical area and is associated with improved plant performance in environments with suboptimal water and nutrient availability (Zhu et al., 2010; Postma and Lynch, 2011a; Jaramillo et al., 2013; Saengwilai et al., 2014; Chimungu et al., 2015) . Maize lines with reduced living root cortical area due to fewer cell files or greater cell size had improved soil exploration and water acquisition under drought (Chimungu et al., 2014a (Chimungu et al., , 2014b . Reduced living cortical area is associated with reduced root respiration and cortical burden, leading to reduced investment of carbon and other resources into cortical maintenance, permitting greater resource allocation to other plant functions, including growth, resource capture, and reproduction Jaramillo et al., 2013; Lynch, 2015) .
As with root cortical aerenchyma formation, increased cortical cell size, and reduced cortical cell number, the development of RCS also reduces living cortical tissue. The development of RCS is accelerated in response to deficiencies of mineral nutrients, including phosphorus and nitrogen (Lascaris and Deacon, 1991; Elliott et al., 1993; Schneider et al., 2017) . We hypothesized that accelerated RCS formation is an adaptive response under a variety of edaphic stresses by reducing living cortical volume and, thereby, the metabolic cost of soil exploration (Schneider et al., 2017) . We have shown previously that excised barley (Hordeum vulgare) root segments with RCS have reduced respiration rates (g cm 23 ) and nutrient content (mol cm 23 ) compared with segments without RCS (Schneider et al., 2017) . We hypothesize that these reductions in metabolic cost associated with RCS formation improve water and nutrient capture in edaphic stress conditions by supporting greater relative growth rates. Root phenes and phene states that increase the exploration of deep soil domains enhance the acquisition of mobile nutrients, including nitrate and water, in many environments (Lynch and Wojciechowski, 2015) . These mobile resources are available in deep soil domains over the growing season due to leaching and soil drying from the surface (Lynch, 2013; Trachsel et al., 2013) . In contrast, the availability of immobile resources, including phosphate and potassium, is typically greatest in shallow soil domains Zhu et al., 2005; Lynch, 2011 Lynch, , 2013 . The reduction in the metabolic costs as a result of RCS may allow the plant to invest in new root growth, reaching deeper soil horizons to obtain mobile nutrients or invest in increased shoot growth and yield.
The senescence of cortical tissue may not always be beneficial to plant growth. The development of root cortical aerenchyma in maize reduced the radial transport of calcium, phosphate, and sulfur (Hu et al., 2014) . RCS formation in barley reduced radial hydraulic conductivity and radial nitrogen and phosphorus transport (Schneider et al., 2017) . As RCS progresses in root cortical tissue, the apoplastic radial pathways may have fewer intercellular routes and transport may be reduced through the cell-to-cell pathway by reducing the number and surface area of living cells between the epidermis and the stele. As RCS formation progresses and more cortical cells senesce, the continuity of the cell-to-cell pathway is increasingly disrupted. Additionally, RCS formation and root aging coincide with the increased suberization of the endodermis, which also may contribute to reduced hydraulic conductivity (Zimmermann et al., 2000; Baxter et al., 2009; Schneider et al., 2017) . It is important to evaluate the additive effects of the functional implications of RCS to determine its effects on whole-plant growth.
Until recently, little quantitative information has been available on the formation of RCS in different root classes and its spatiotemporal distribution. The formation of RCS is complex and dependent on many factors, including genetic and environmental signals (Liljeroth, 1995; Schneider et al., 2017) . In addition, root phenes do not function in isolation. Previous studies have demonstrated that root cortical aerenchyma interacts with nodal root number, increasing plant growth up to 130% greater than the expected additive effects. Basal root growth angle interacts with root hair length and density and increased plant growth up to twice the expected additive effect by determining the placement of root hairs in the soil profile (York et al., 2013; Miguel et al., 2015) . Understanding how RCS interacts with other phenes for soil resource capture may be an important consideration for breeders (Miguel et al., 2015) .
In silico analysis of the functional significance of root phenotypes is a useful complement to empirical analysis (Dunbabin et al., 2013; York et al., 2016; Zhu et al., 2016) . Empirical assessment of the utility of RCS formation may be confounded with other root architectural and anatomical phenes, as the generation of isophenic lines is challenging. Simulation studies enable the evaluation of RCS in truly isophenic lines characterized by identical root and shoot phenotypes with a single contrasting phene state, permitting analysis of the effects attributed directly to that phene state, which is generally infeasible in empirical studies (Postma and Lynch, 2011b) . SimRoot, a functional-structural plant model, also can simulate contrasting environments while holding the plant phenotype constant, which is challenging in empirical studies (Dathe et al., 2016) . SimRoot results have been useful guides for subsequent empirical work. For example, root cortical aerenchyma in maize, which has functional similarities to RCS, was predicted by SimRoot to have utility in edaphic stress conditions, which was later confirmed by empirical studies in the field and in controlled environments (Postma and Lynch, 2011b; Saengwilai et al., 2014; Chimungu et al., 2015) . SimRoot predicted enhanced nitrogen capture and biomass in maize/bean/squash polycultures compared with monocultures (Postma and Lynch, 2012) , which was later validated in the field (Zhang et al., 2014) . The root length density of shallow-rooted common bean (Phaseolus vulgaris) genotypes was predicted in SimRoot to decrease with depth, which correlated with increased phosphorus capture in the field (Miguel et al., 2015) . Decreased interroot competition, increased topsoil foraging (Ge et al., 2000) , and reduced interplant competition (Rubio et al., 2001) were predicted by SimRoot to increase phosphorus acquisition in common bean and was validated in the field (Bonser et al., 1996; Zhang et al., 2014) . In addition, SimRoot predicted sparse lateral branching to have utility in low nitrogen availability , which was validated in later field and greenhouse studies (Zhan and Lynch, 2015) .
This study aims to quantitatively evaluate the potential utility of RCS in barley for nutrient acquisition in a functional-structural plant simulation model that considers root architecture, carbon allocation, and nutrient acquisition. It has been proposed that reallocation of phosphorus during RCS could be beneficial to plant growth (Robinson, 1990) . In addition, we propose that reallocation of nitrogen and potassium, reduced root respiration, and reduced radial nutrient uptake could be important functions of RCS in soils with suboptimal nutrient availability. In this study, we evaluate the utility of RCS for the acquisition of nitrogen, phosphorus, and potassium and present, to our knowledge, the first evidence for the interaction of RCS with plant architectural phenes.
RESULTS
Root microscopy of solution culture-grown plants at 45 d after germination (DAG) demonstrated that RCS does not form in lateral roots of nodal or seminal roots (Supplemental Fig. S1 ; Supplemental Table S1 ). Therefore, all results presented (except where noted) reflect data from the formation of RCS exclusively in axial root tissue.
Growth was simulated in SimRoot to 80 DAG (Fig. 1) . Under suboptimal nitrogen, phosphorus, and potassium availability, RCS increased plant growth and shoot biomass (Fig. 2) . Generally, the relative benefit of RCS for growth increased over time (Supplemental Fig.  S2 ). At 80 DAG, nitrogen-deficient plants with RCS were between 5% and 52% larger, phosphorus-deficient plants with RCS were between 14% and 73% larger, and potassium-deficient plants with RCS were between 10% and 41% larger (g dry weight) than plants without RCS. The utility of RCS depended on the deficient nutrient and the severity of the nutrient deficiency. The effect of RCS on plant biomass increased with decreased availability of nitrogen and potassium but peaked at moderate levels of phosphorus availability. However, the utility of RCS formation was greatest in phosphorus-replete to moderately deficient conditions (i.e. plant dry weight was 30%-100% of nonstressed plants) and severely deficient conditions (i.e. plant dry weight was 5%-30% of nonstressed plants) compared with potassium or nitrogen. Plants were severely nitrogen deficient at 15 to 30 kg N ha 21 and moderately deficient at 75 to 150 kg N ha
21
. Plants were severely phosphorus deficient at 0.25 to 0.5 kg P ha 21 and moderately deficient at 1.25 to 1.75 kg P ha
. Plants were severely potassium deficient at 0.35 to 0.7 kg P ha 21 and moderately deficient at 1.75 to 2.45 kg P ha 21 . The three proposed RCS functions (root respiration, nutrient uptake, and nutrient reallocation) contributed to the overall benefit of RCS for plant growth under nutrient stress to different degrees. The greatest benefits came from the reallocation of nutrients and, to a lesser extent, reduced root respiration. Reduced nutrient uptake attributed by RCS had a neutral or negative effect on plant growth. Presumably, reallocation of nutrients, respiration, and nutrient uptake occur simultaneously, and the model suggested that these benefits or costs are mostly additive (Fig. 2) .
In conditions of suboptimal availability of nitrate, phosphorus, and potassium, reallocation of nutrients from cortical tissue was always beneficial. At 80 DAG, allocation increased plant growth in nitrogen-deficient plants between 10% and 49%, in phosphorus-deficient plants between 9% and 98%, and in potassiumdeficient plants between 10% and 37%. The allocation of nutrients in the model assumes an equal distribution of nutrients over all organs relative to the nutrient requirements of that organ to function optimally (RNR). We assumed that RCS reduced RNR of the root cortex locally. The development of RCS reduced the total RNR of the whole-root system by up to 26% compared with plants with no RCS. However, under severe phosphorus limitation, RCS increased whole-root system RNR by 4% ( Fig. 3; Supplemental Fig. S3 ). This was due to the increased root growth of these plants and subsequent greater investments of phosphorus compared with phosphorus savings from RCS (Supplemental Figs. S4 and S5). RNR is dependent on the size and age distribution of the root system and RCS. Reallocation of nitrogen during RCS was equivalent to 14% and 5% of the total nitrogen uptake in suboptimal and optimal nitrogen conditions, respectively. At the lowest potassium availability, reallocation of potassium during RCS was equivalent to 10% of the total potassium uptake, and in moderate to optimal potassium conditions, it was equivalent to 3% of the total nutrient uptake. Severe phosphorus deficiency caused changes in root-shoot ratios and subsequently increased root growth. Increased investments of phosphorus in root tissue to Figure 2 . Utility of RCS formation under varying availability of nitrogen, phosphorus, and potassium dissolved in solution at the start of the simulation. Total phosphorus and potassium concentrations are greater due to the buffering capacity (P, 400; and K, 10) . On the y axis, the utility of RCS is expressed as a percentage increase in plant dry weight (DW) at 80 DAG. On the secondary y axis, dry shoot biomass is presented for a plant with no RCS. Relative shoot dry biomass was calculated as 100 3 (X RCS 2 X noRCS )/X noRCS . Different lines show the utility for different functions (allocation, respiration, and uptake) of RCS. Error bars represent SE for four repeated runs. Simulated stochasticity in root growth rates, directions, and branching density causes variation.
support the increased root length required 40% more phosphorus than the total phosphorus uptake, resulting in severe phosphorus deficiency. At moderate and optimal phosphorus availability, reallocation of phosphorus was equivalent to 16% and 7% of the total nutrient uptake, respectively. Nutrient reallocation from senescing cortical tissues was an important function of RCS and increased plant growth when nutrient availability was limiting.
Reduced root respiration due to RCS was not always beneficial: it decreased plant growth in suboptimal phosphorus availability by 27%, had no effect on growth in low-nitrogen conditions, and increased growth in suboptimal potassium availability by 7% (Fig. 2) . Negative effects of respiration on plant growth are caused by the fact that, in these soils, increased root growth causes a faster increase in RNR than P uptake rates (Supplemental Fig. S5 ; see "Discussion"). Under low phosphorus availability, a simulated root segment with RCS required 50 d for the nutrient uptake by that segment to be equivalent to the phosphorus invested in that root segment, while root tissue with RCS only required 21.2 d for the phosphorus investment in root tissue to pay off (Supplemental Fig. S5 ). Simulation of plants with and without RCS enabled evaluation of the reduction in root respiration directly attributed to RCS. Plants with RCS had, on average, 46% less cumulative respiration of the root cortex (g C plant 21 ) compared with identical plants without RCS, with the largest effects observed under potassium stress (Fig. 4) . Reduced root respiration may lead to increased growth if the plant is carbon limited; however, in many scenarios, it increased the nonstructural carbon pool of the whole plant up to 54% at 80 DAG (Fig. 5 ). Under low nutrient availability, plants with RCS had lower respiration rates per unit root length and lower total respiration rates compared with root systems without RCS, despite the larger root systems of plants with RCS (Supplemental Figs. S4 and S6) . Overall, the formation of RCS decreased root respiration and, in most environmental conditions, was beneficial to plant growth.
Another physiological component of RCS, reduced nutrient uptake, had slightly negative or neutral effects on plant growth. Reduced nutrient uptake (mmol plant 2 1 ) under suboptimal nitrate availability decreased plant growth by 8%. Under moderate potassium stress, reduced nutrient uptake decreased plant growth by 13%. Reduced nutrient uptake under low and moderate phosphorus availability, low potassium availability, and moderate nitrate availability had no effect on plant growth (Fig. 2) . At 80 DAG, RCS had relatively small effects on total nutrient uptake of axial, lateral, and fine lateral roots (Supplemental Fig. S7 ). These negative effects on nutrient uptake were more pronounced during earlier growth stages. At 20 DAG in moderate to optimal nitrogen and phosphorus availability, plants with RCS had 36% and 10% less uptake, respectively, compared with plants with no RCS. RCS had no significant effect on potassium uptake at 20 DAG (Supplemental Fig. S8 ). In severe nitrogen stress, the axial roots were responsible for the majority of nitrate uptake compared with lateral roots (the axial root develops RCS, and lateral roots do not develop RCS; Fig. 1 ). In plants with RCS, axial roots had 5% greater total nutrient uptake compared with the total uptake by lateral roots in soils with low nitrogen availability. Plants with no RCS had 23% greater total nutrient uptake by axial roots compared with total root nutrient uptake by lateral roots in conditions of low nitrate availability. In medium to optimal nitrate availability, lateral roots of plants with RCS had 27% greater nutrient uptake compared with nutrient uptake by axial roots. In contrast, plants without RCS had 40% ) as affected by RCS and nutrient availability. RCS reduces RNR of the cortex; however, RNR for the whole root system depends on the size and age distribution of the root system. Different bars show the utility for different functions of RCS under suboptimal nitrogen, phosphorus, and potassium availability. Error bars represent SE (see Fig. 2 for explanation). Different letters within the same graph represent significant differences within that graph as determined by Tukey's test (P , 0.05). Intermediate and optimal nutrient availability levels showed the same pattern and are depicted in Supplemental Figure S5 .
greater nutrient uptake by axial roots compared with lateral roots. At all levels of phosphorus and potassium availability, the lateral roots accounted for the majority of nutrient uptake compared with axial roots. In environments with a range of phosphorus and potassium availability, lateral roots performed the majority of phosphorus uptake compared with axial roots. Plants with and without RCS had 45% and 39% greater phosphorus uptake, respectively, by lateral roots compared with axial roots. Lateral roots had 27% greater potassium uptake in plants with RCS and 42% greater potassium uptake in plants with no RCS compared with uptake by axial roots (Fig. 6; Supplemental Fig. S9) .
In order to analyze phene synergisms, we simulated the utility of RCS formation under varying nutrient regimes in phenotypes with a varying number of tillers. In optimal nutrient conditions, plants with many tillers and RCS were 9% larger (g dry weight) than plants without RCS and/or with fewer tillers (Fig. 7) . In plants lacking RCS, tiller number had no effect on shoot biomass in optimal nutrient conditions due to carbon limitations around 65 DAG. Under nutrient stress, RCS increased plant growth 34% in phenotypes with fewer tillers and 23% in phenotypes with many tillers (Fig. 7) . It is important to note that, under suboptimal phosphorus and potassium availability, nutrient deficiencies caused a reduction in the number of tillers formed (three tillers with the potential of forming four tillers). However, contrasts between phenotypes with many tillers (three to four) and few tillers (two) still existed, and the best phenotype in all three low-nutrient soils was one with few tillers and RCS formation. Under severely and moderately suboptimal nitrogen availability, plants with RCS and few tillers had 15% greater biomass compared with the expected additive effects. The synergistic interaction of RCS and few tillers was 23% greater than the expected additive effects under low phosphorus availability and 32% greater than the expected additive effects under low potassium availability. In low and moderate nitrogen, phosphorus, and potassium availability, plants with few tillers and no RCS had between 5% and 27% greater shoot dry weight compared with plants with no RCS and many tillers. Plants with RCS and few tillers had between 10% and 31% greater shoot dry weight in low and moderate nutrient availabilities compared with plants with many tillers.
RCS formation had greater utility in phenotypes with dense lateral branching under low phosphorus and potassium availability, increasing growth by 53% under phosphorus stress and by 29% under potassium stress. In low-nitrogen environments, plants with RCS and sparse lateral branching had 12% greater growth compared with plants with RCS and dense lateral branching (Fig. 8) . At the lowest level of nitrogen availability, plants with sparse lateral branching and RCS had 14% greater shoot biomass compared with the expected additive effects. At moderate nitrogen availability, plants with sparse lateral branching and RCS had 21% greater plant biomass compared with the expected additive effects. Under low phosphorus, the synergistic interaction of RCS and dense lateral branching was between 10% and 17% greater than the expected additive effects. Under low potassium, plants with increased lateral branching and RCS had 5% greater shoot biomass compared with the expected additive effects. In moderate phosphorus and potassium conditions, there was a 20% decrease in plant biomass in plants with increased lateral branching and RCS compared with the expected additive effects, which constitutes a functional antagonism. . Effects of the RCS respiration function on cumulative root respiration in optimal and suboptimal nitrogen, phosphorus, and potassium availability. Cumulative respiration is cortical respiration of the entire root system at 80 DAG. Different bar groups show the utility for different functions of RCS at two levels of nutrient availability (low availability and optimal availability). Cortex Respiration, RCS, Cumulative respiration of the root system cortex after the formation of RCS; Cortex Respiration, no RCS, simulated cumulative respiration of the root system cortex if no RCS has developed. Error bars represent SE (see Fig. 2 for explanation). Different letters within the same graph represent significant differences within that graph as determined by Tukey's test (P , 0.05).
Simulations were performed evaluating the potential utility of RCS formation in lateral and axial root tissue. The results demonstrated that the formation of RCS in lateral and axial roots was mostly detrimental to plant performance. RCS formation in lateral and axial roots decreased plant growth in suboptimal potassium availability between 9% and 11%, increased plant growth in suboptimal nitrogen availability between 1% and 5%, and decreased plant growth between 1% and 4% in suboptimal phosphorus availability compared with plants with no RCS. However, in optimal nutrient availability, the utility of RCS development in lateral and axial roots was reduced significantly, and plants had between a 22% and 26% decrease in plant growth in optimal nitrogen availability, between an 11% and 17% decrease in plant growth in optimal phosphorus availability, and between a 16% and 19% decrease in plant growth in optimal potassium availability compared with plants with no RCS. The utility of RCS was decreased significantly in plants forming RCS in both lateral and axial roots compared with plants only forming RCS in axial root tissue in all nutrient regimes (Supplemental Fig. S10 ). Decreases in plant growth due to RCS formation in lateral roots was due to a significant reduction in total plant nutrient uptake, particularly in moderate to optimal nutrient availability (Supplemental Fig. S11 ). However, these simulation results only present the potential utility of RCS in lateral roots, as microscopy results confirmed that RCS does not form in first-order lateral roots of nodal and seminal roots of plants at 45 DAG (Supplemental Fig. S1 ; Supplemental Table S1 ).
We determined living cortical volume per root length (a proxy for RCS) at different depths in both virtual cores and real cores taken in the field experiment in order to validate the simulated development of RCS in barley root systems. We observed a positive correlation between field and simulation results (R 2 = 0.44, P , 0.005) at 35 and 80 DAG. At anthesis, the low-nitrogen treatment reduced shoot dry weight by 23% and 27% in simulations and the field, respectively. We separate our data into roots with thin steles (diameter . 100 mm and , 200 mm) and thick steles (diameter . 300 mm), as living cortical volume per root length had much more variation with depth in roots with thick steles than with thin steles (Fig. 9) . This was presumably due to the continuous production of nodal (i.e. thick-steled) roots throughout plant growth. Lateral roots also are produced Figure 5 . Effects of the RCS respiration function on plant carbon reserves. Different bars show the utility for different functions of RCS under varying nitrogen, phosphorus, and potassium availability. The total amount of carbon reserves in the shoot at 80 DAG is represented on the x axis. Error bars represent SE (see Fig. 2 for explanation) . Different letters within the same graph represent significant differences within that graph as determined by Tukey's test (P , 0.05).
continuously throughout plant growth but do not develop RCS and were not captured in the designated thick and thin stele classes. In roots with a thin stele, living cortical volume per root length increased at depth in younger plants. At anthesis (80 DAG), roots with thin steles had minimal root cortical volume per root length at all depths. Plants grown under low nitrogen had significantly less living cortical volume per root length at depth than plants grown in N-replete conditions. In both simulations and the field, the amount of living cortical area was minimal in roots with a thick stele, and no significant differences were observed between treatments and small differences were observed between time points (Fig. 9) .
DISCUSSION
The functional-structural plant model SimRoot was used to evaluate the physiological utility of RCS formation in barley under varying nitrogen, phosphorus, Figure 6 . Effects of RCS on nitrogen, phosphorus, and potassium uptake in fertile soil. Uptake is the total nutrient uptake at 80 DAG by axial or lateral roots. Different bars show the utility for different functions of RCS. Error bars represent SE (see Fig. 2 for explanation) . Different letters within the same graph represent significant differences within that graph as determined by Tukey's test (P , 0.05). Uptake data for suboptimal nutrient availability are depicted in Supplemental Figure S6 . Figure 7 . Interaction of RCS and tiller number under different availabilities of nitrogen, phosphorus, and potassium. Error bars represent SE (see Fig. 2 for explanation) . Dry shoot biomass is the total dry shoot biomass at 80 DAG. Note that in suboptimal phosphorus and potassium availability, plants with many tillers formed three tillers (with the potential to form four tillers) due to stress conditions. and potassium availability. Our results support the hypothesis that RCS is not a symptom of stress injury but may be a useful adaptation under edaphic stress, including suboptimal nutrient availability. Plants with RCS formation had greater plant growth in edaphic stress conditions compared with plants with no RCS formation. The greatest utility of RCS formation was under nutrient stress. Nutrient reallocation, reduced respiration, and reduced nutrient uptake affected the utility of RCS to different degrees (Fig. 2) . Plants with RCS had reduced nutrient requirement of root tissue for optimal plant growth (mmol plant ; Fig. 4) , and increased plant carbon reserves (g C plant
21
; Fig. 5 ). RCS had relatively large effects on total plant nutrient uptake early in growth and smaller effects in later growth stages (Supplemental Figs. S7 and S8) . After RCS formation, lateral roots performed the majority of nutrient uptake compared with axial roots ( Fig. 6; Supplemental Fig. S9 ). RCS interacts with other architectural phenes, including lateral branching density and tiller number (Figs. 7 and 8) . Living cortical volume, an indicator of RCS, positively correlated in field and simulation results (Fig. 9) . Fig. 2 for explanation) . Dry shoot biomass is the total dry shoot biomass at 80 DAG.
SimRoot predicted nutrient reallocation during RCS to be more important than reduced respiration or nutrient uptake in improving plant growth in suboptimal nutrient availability (Fig. 2) . Plants with RCS had a reduced nutrient requirement of root tissue for optimal growth ( Fig. 3; Supplemental Fig. S3 ). These results agree with those of Robinson (1990) , who demonstrated that, during RCS, reallocation of phosphorus could be an important function under suboptimal phosphorus availability (Veneklaas et al., 2012; Julia et al., 2016) . Our results also demonstrate that reallocation of nitrogen and potassium during RCS formation may improve plant growth, and under suboptimal nutrient availability, nutrient reallocation was equivalent to 10% or greater of the total plant nutrient uptake. The formation of RCS releases a significant amount of nutrients from senescing cells, and over an entire growth season, they may have a significant effect on plant growth, supporting greater growth rates and subsequently greater soil exploration Saengwilai et al., 2014) .
Reduced root respiration had relatively small effects on plant growth; however, it had large effects on carbon reserves of the plant (Figs. 2 and 5) , which has implications for plant yield (Daniels et al., 1982; Schnyder, 1993; Blum, 1998) . Reduced root respiration due to RCS was more important in potassium-deficient plants compared with nitrogen-or phosphorus-deficient plants (Fig.  2) . In potassium-deficient plants, root growth is strongly carbon limited compared with plants with nitrogen or phosphorus deficiency. This may be due to a reduction in photosynthesis caused by the deficiency and the lack of an adaptive response in carbon allocation between roots and shoots (Postma and Lynch, 2011b) . In nitrogen-or phosphorus-limited conditions, which also may cause a reduction in photosynthesis, carbon allocation to roots rather than shoots is increased. This results in root growth being less carbon limited in suboptimal phosphorus and nitrogen availability compared with suboptimal potassium availability. In suboptimal nitrogen and phosphorus conditions, reduced respiration results in increased carbon availability and, thus, more root growth (Supplemental Fig. S4 ). When plant growth is not carbon limited, reductions in respiration rate will simply result in greater accumulation of nonstructural carbon reserves. However, when carbon is limiting root growth, reduced respiration will increase root growth, which may compete with shoot growth for phosphorus resources. In lowphosphorus conditions, the fast relative root growth rate will increase the demand for phosphorus and, thus, increase RNR faster than phosphorus is acquired. New root growth requires the investment of nutrients, and in soils with decreasing nutrient availability, due to leaching and plant uptake, the time it takes for nutrient acquisition to compensate for these investments increases (Supplemental Fig. S5) . Therefore, the relative root growth rate should be sufficiently low to be beneficial to the plant in terms of nutrient uptake and continued shoot growth. Fast relative root growth in soils with very low phosphorus availability may not be sustainable. Alternative ways for phosphorus acquisition, which require less phosphorus investment, such as the production of root exudates and the development of mycorrhizal symbioses, may be better strategies in these soils but were not considered in this model.
Root phenes that reduce the metabolic cost of soil exploration by reducing root nutrient content and respiration may enable greater soil exploration (Lynch, 2013) . The location of the roots in the soil profile influences the acquisition of specific nutrients. For example, a plant that invests resources into root growth in the topsoil enhances the acquisition of immobile nutrients such as phosphorus and potassium (Zhu et al., 2005; Lynch, 2013) . In contrast, roots located in deeper soil domains enable the capture of mobile nutrients, including water and nitrogen (Lynch, 2013; Trachsel et al., 2013) . Root systems may have strategies to capture different nutrients in specific edaphic stress conditions. However, in field environments, multiple stresses may occur simultaneously, which poses a challenge for the optimal location of root growth investments in the soil profile. For example, shallow rooting and topsoil foraging increase phosphorus and other immobile nutrient acquisition; however, they may reduce drought tolerance, as water in drought environments is often located deeper in the soil profile . The availability of resources in soil domains at which these root investments occur affects the utility of RCS for soil resource capture. Results from this study indicate that RCS may be beneficial for several nutrient deficiencies, including conditions of low nitrogen, phosphorus, and potassium availability. Further studies could investigate the utility of RCS under multiple, simultaneous edaphic stresses.
Changes in nutrient uptake as a result of RCS formation are predicted to have small effects on plant growth. Simulation results showed that lateral roots, which do not develop RCS (Supplemental Table S1 ; Supplemental Fig. S1 ), make up 78% of the total root length (data not shown). Roots hairs on young root tissue were present in the model; however, in accordance with empirical results, root hairs died off with increasing tissue age and/ or the development of RCS (McElgunn and Harrison, 1969) . RCS did not have any negative effect on total nutrient uptake of nitrate and potassium compared with plants with no RCS and only small effects on the uptake of phosphorus (Supplemental Fig. S7 ). Therefore, reduced nutrient uptake by axial roots due to RCS may not have significant effects on total nutrient uptake, as lateral roots perform a large portion of nutrient uptake compared with the axial roots ( Fig. 6; Supplemental Fig. S9 ). In addition, older root segments occupy soil domains that have already been depleted of resources by the younger tissue of the same root axes. Our results show that the reduced nutrient uptake as a result of RCS formation contributes small effects to plant growth in later growth stages and that lateral roots compensate for the reduced uptake of nutrients by axial roots. Henry and Deacon (1981) observed the formation of RCS in some field-grown lateral roots; however, no systematic study was performed. In this study, we performed a more thorough evaluation of the formation of RCS in lateral roots. Our results demonstrate that RCS does not form in lateral roots (Supplemental Table S1 ; Supplemental Fig. S1 ). When RCS formation was simulated in both axial and lateral tissue, plants with RCS had decreased utility compared with plants with no RCS formation in most nutrient regimes (Supplemental Fig. S10 ). Lateral roots play a large role in plant nutrient uptake, especially after the senescence of axial root cortical tissue ( Fig. 6; Supplemental Fig.   S9 ). We speculate that RCS does not form in lateral root tissue in natural scenarios, as it significantly inhibits plant nutrient uptake, causing detrimental effects to plant growth. We speculate that RCS formation in axial root tissue is an adaptive strategy to maximize nutrient uptake while minimizing the metabolic burden of axial root cortical tissue.
Interaction with other root phenes affected the utility of RCS. RCS had greater utility in plants with fewer tillers (Fig. 7) . Each additional tiller added approximately 10 nodal roots (data not shown). In optimal fertility, nutrient uptake was able to support the growth of additional tillers and their nodal roots, which increased soil exploration and, consequently, nutrient acquisition. Under suboptimal fertility, increased tiller number and the development of nodal roots depleted limited soil nutrient resources faster, thereby reducing plant growth as soil nutrient resources became limiting in later growth stages. Lateral branching also affected the utility of RCS (Fig. 8) . Greater resource availability as a result of RCS formation allows the plant to grow more root length and, therefore, possibly a greater lateral branching density or length. Dense lateral branching has greater utility for phosphorus and potassium capture compared with nitrogen capture ; thus, a positive interaction exists between increased lateral root branching density and RCS in soils with low phosphorus and potassium availability. However, in nitrate deficiency, decreased lateral branching density has greater utility in plants with RCS due to decreased intraroot and interroot (monoculture) competition (Zhan and Lynch, 2015) . We demonstrated that the utility of RCS depends on interactions with other phenes, including the number of tillers and lateral root branching density. We hypothesize that RCS may have synergistic interactions with phenes that are beneficial for soil resource acquisition but that have a high metabolic cost. For example, a root phene with a high metabolic cost, the number of nodal roots, and a phene that reduces the metabolic cost of the root, root cortical aerenchyma, interact in maize (York et al., 2013) . Synergisms also may exist with phenes that effect root placement in soil domains. For example, a steep growth angle increases nitrogen capture in some N regimes (Trachsel et al., 2013; Dathe et al., 2016) . Phene synergisms show strong interactions with environmental conditions and, therefore, may be important drivers in evolution and should be considered in crop breeding.
The spatiotemporal progression of RCS was similar in field and in silico environments. Living cortical volume per root length is more stable over time and depth in roots with a thin stele, presumably due to the uniform emergence of seminal roots at a specific growth stage, whereas new nodal roots emerge throughout tiller development. Within a soil core, roots with a thick stele may have dramatically different ages due to the continuous development of nodal roots. Phenotyping RCS in the field is challenging, as it is difficult to determine the age, length, and root class of individual roots. The progression of RCS as quantified by living cortical volume per root length correlates well with RCS development in soil, solution culture, and controlled environments, which were the basis for our model parameterization (Schneider et al., 2017) . In the portion of roots with a thin stele in young plants, RCS generally progressed faster in low-nitrogen conditions compared with high-nitrogen conditions (Fig. 9) .
The formation of RCS was always beneficial, increasing plant growth under edaphic stress. Genetic variation for the formation of RCS exists (Deacon and Lewis, 1982; Liljeroth, 1995) , which may indicate that tradeoffs exist for RCS formation. This SimRoot study considered the tradeoff of reduced nutrient uptake. However, other potential tradeoffs of RCS formation are poorly understood. The loss of the cortex may have negative implications for plant fitness, including reduced mycorrhizal symbiosis caused by reduced cortical habitat, altered response to pathogens, and reduction in the ability of sequester toxic ions, including Na and Cl, under salinity stress (Schneider et al., 2017) . This study did not consider these tradeoffs, and it is unclear to what extent they may affect the conclusions. However, the constitutive development of RCS in barley, wheat (Triticum aestivum), and other crops suggests that the benefits of RCS formation outweigh the potential tradeoffs (Liljeroth, 1995) . Model parameterization was limited to 80 DAG. Data for parameterization for root and RCS development of older plants are needed in order to simulate full plant life cycles, which may provide insights into the effects of RCS on grain yield. An integrated and quantitative approach is needed to develop a model to study these interactions.
Here, we present, to our knowledge, the first implementation of SimRoot for barley. This is noteworthy since, unlike previous implementations of SimRoot, barley is a tillering species, which presents unique root phenotypes, as well as modeling challenges, and is a step toward simulation of other important tillering species such as wheat and rice. In silico analysis of the functional implications of RCS is a valuable complement to empirical analysis. Simulations permit the evaluation of phenotypes and scenarios that are inaccessible to empirical research (e.g. RCS development in lateral roots) and enable the evaluation of isophenic lines, which is generally infeasible in empirical studies. Simulations also enable evaluation of the utility and relative contributions of different functions of RCS (allocation, respiration, and nutrient uptake) independently and in many more nutrient regimes and phenotypic backgrounds than time and resources would allow for empirical studies. The complexity of the soil environment and phenotypic background and the large number of potential interactions and scenarios demand in silico analysis with functional-structural plant models such as SimRoot.
CONCLUSION
SimRoot can be used to simulate the utility of RCS in variable environments. Functional-structural plant models are a valuable tool for evaluating the utility of phenes and breeding strategies that target specific root phenes. Quantitative support from simulation has been provided for the hypothesis that reduced root respiration, reduced nutrient uptake, and reallocation of nutrients caused by RCS formation affect plant growth. The additive interactions of these three functions improve plant growth under nutrient limitation. The reallocation, respiration, and nutrient uptake functions all have positive and negative feedbacks in the model. Simulation permitted us to consider these feedbacks independently as well as simultaneously. Negative feedbacks may be caused by slight disturbances in nutrient homeostasis of the plant. However, in real plants, all functions occur together, and we speculate that negative feedbacks are mitigated and that RCS may have a net positive influence on plant growth. These results indicate that RCS may be an adaptive response for plant growth in environments with low nutrient availability or intense belowground competition, which include most terrestrial ecosystems. The utility of RCS in environments with low nitrogen, phosphorus, and potassium availability depends on interactions between other root phenes and environmental factors. In this study, the utility of RCS was enhanced with different levels of lateral root branching and number of tillers in nutrient-limited conditions. RCS has potential utility for improved plant performance under several edaphic stresses and merits empirical investigation and confirmation. Crops with enhanced soil resource acquisition would be useful in global agriculture, and we propose that these results may be analogous to other species that also form RCS, including wheat, oat (Avena sativa), and triticale.
MATERIALS AND METHODS
SimRoot, a functional-structural plant model (Lynch et al., 1997; Lynch, 2011a, 2011b; Dathe et al., 2016) , was used to simulate root growth and plant performance. The model simulates distinct root classes, and root architecture is composed of discrete small (e.g. 1 cm) connected root segments. Root growth and soil resource acquisition are simulated transiently in threedimensional virtual soil. A soil module, which can simulate water flow and solute transport (Šimunek et al., 1995) , is integrated with the root architecture module. A finite element method containing nodal values for water content, nutrient content, and soil properties solves the Richards equation for unsaturated water flow and the convection-dispersion equation for solute transport. The development of depletion zones is caused by water flowing toward the roots during nutrient and water uptake by roots, which may cause interroot competition. Total nutrient uptake of the entire root system is calculated by integrating nutrient uptake over all root segments.
Coupled to the root system is a shoot model, which simulates the development of leaves, tillers, and stems. Growth of the shoot is regulated such that nutrient homeostasis is achieved. A light-capture and photosynthesis model provides the plant with carbon. Tillers form their own leaf area and their own nodal root system. Discrepancies between the source and sink strength of the plant are balanced by carbon reserves coming from the seed and a nonstructural carbon pool. When these carbon reserves do not suffice, growth is reduced.
Model Description
SimRoot was described previously (Lynch et al., 1997; Lynch, 2011a, 2011b) . We extended SimRoot by including a new root water uptake and RCS module. SimRoot is now open source (OpenSimRoot) and fully programmed in C++, which improves code efficiency, reusability, and the modular structure of SimRoot. We simulated plant growth with the formation of RCS with three different functions, nutrient uptake, allocation, and respiration, and combinations of these functions in a multifactor analysis. RCS was represented in the model as a time-and root class-dependent volumetric percentage that affects root respiration, nutrient allocation, and/or nutrient uptake. RCS develops in seminal and nodal roots and progresses over time, decreasing root respiration and nutrient uptake and potentially affecting nutrient allocation as cortical cells senesce (Schneider et al., 2017) . The parameterization of RCS formation and its effects was based on measurements of individual roots (Schneider et al., 2017) , and RCS only developed in axial root tissue of seminal and nodal roots (unless where noted). RCS reduced the respiration and nutrient content of the cortex proportionally. We split up the root diameter into the diameter of the stele and the cortex. Reduction in nutrient content of the cortex was assumed not to reduce the total amount of nutrients in the plant. Consequently, only the amount of nutrients needed for optimal plant growth was reduced and, thereby, the ratio between nutrient demand and actual nutrient uptake, which is defined as a plant growth stress factor. Therefore, RCS directly alleviates stress and reduces carbon consumption, allowing for greater carbon investment in structural growth. As a cost, however, we simulated that RCS reduces both the hydraulic conductivity and the root kinetics for nutrient uptake. We assumed that the maximum uptake rate (Imax) was reduced but that the sensitivity (here defined as Imax/K m ) was not by equally reducing both parameters of the Michaelis-Menten kinetics equation.
We implemented the architectural root water uptake model for a growing root system with a (current) network analogy (time and space dependency). A network analogy to address segment-based root water uptake (i.e. root architecture) was presented by Doussan et al. (1998) and based on the equations of Alm et al. (1992) that describe the similarity to a finite element representation (for a linear root system). In this model, the root system is represented by a number of segments that have an axial and radial hydraulic conductivity associated with them. Boundary conditions include a collar potential and, for each root segment, an outside water potential. We adapted the model to work with a growing root system and used a Newton solver to iteratively determine the collar potential such that the water uptake of the root system equals the potential transpiration, as estimated by the Penman-Monteith equation (Monteith, 1965 ; for details, see Postma et al., 2017) . The outside water potential was obtained by coupling the root model to the soil model as described by Postma and Lynch (2011a) . Thus, the root water uptake model in the end only determined the distribution of water uptake over the root system, not the total water uptake. In our scenarios, the soil was sufficiently wet such that drought (in the form of very low collar potentials) did not occur.
Axial and radial hydraulic conductivity were given as root class-and agedependent inputs and were scaled according to root segment length and surface area, respectively, where greater length reduced the axial conductivity whereas greater surface area increased the radial conductivity proportionally. When RCS (age) reduced the hydraulic conductivity of older root segments, additional water was being taken up by younger root segments. Water uptake affected the convective flow of nitrate toward the roots, such that the reduced hydraulic conductivity of older roots might cause greater mass flow toward younger roots. Thus, reduced hydraulic conductivity might actually function as a benefit and not a tradeoff of RCS.
Simulated Scenarios and Environments
Environmental conditions were varied to include six levels of nitrogen, phosphorus, and potassium nutrient availability. Barley (Hordeum vulgare) growth was simulated over 80 DAG. A single barley plant was simulated not in isolation but as a representative individual in a monoculture field. Plant density was 333 plants m 22 . Depth of the soil profile was 200 cm, row spacing was 10 cm, and distance within the row was 3 cm. At the start of the simulation, a seed was germinated in the middle of a 10-3 3-3 200-cm column. Accurate root density was achieved by mirroring the roots at the boundary back into the column (Postma and Lynch, 2011b) . Simulations were performed in a full-factorial design. Four different experiments were performed: (1) varying nitrate, phosphorus, or potassium availability and all possible combinations of the three different functions of RCS (allocation, uptake, and respiration) formation in axial roots; (2) varying nitrate, phosphorus, or potassium availability with all combinations of the three different functions of RCS in axial roots with two different levels of lateral branching density; (3) varying nitrate, phosphorus, or potassium availability with all combinations of the three different functions of RCS in axial roots with two different levels of tiller number; and (4) varying nitrate, phosphorus, or potassium availability and all possible combinations of the three different functions of RCS (allocation, uptake, and respiration) formation in axial and lateral roots. Initial nutrient availability in the soil was varied at six levels ( . In all treatments, the initial relative distribution of nutrients in the soil was kept the same. The nitrate mineralization rate also was scaled relative to the total initial amount of nitrate in the columns. These nitrate, phosphorus, and potassium levels were chosen as they represent a range of stress levels ranging from severe stress resulting in severely reduced (;95%) shoot growth to no stress. Lateral root branching densities were set at two levels for the synergism study (high, 5.4 branches cm 21 ; and low, 1.6 branches cm 21 ) based on lateral branching density data in barley (Drew, 1975, H.M. Schneider, unpublished data) . Tiller number was set at two levels for the synergism study (high, 4; and low, 2) based on tiller number data in barley (Hecht et al., 2016) . Root growth rate parameters were taken from phenotyping measurements performed in the greenhouse at the Forschungszentrum Jülich and in the field (Hecht et al., 2016; V. Hecht, unpublished data) . Growth rates decreased over time, and different root classes and developmental stages were taken into account. The seminal roots emerged from the seed. Nodal roots emerged later from the stem. All roots had the potential to develop laterals of first and second order.
A fine-textured loam was simulated based on a field environment in Bonn, Germany, that commonly supports barley growth. Soil parameters are described in Supplemental Appendix S2. Climate and precipitation data for 80 d beginning on March 25 were taken from a field weather station in Klein Altendorf, Germany, and was averaged over four years (2012 3 2015) . Input files with all parameter values are given in Supplemental Appendix S2.
In order to compare simulation results with field data (see below), soil cores 100 cm in length and 2 cm in diameter were simulated. The core was taken directly over each plant in four replications for two treatments (high nitrogen [180 kg ha 21 ] and low nitrogen [75 kg ha 21 ]). Nitrogen levels were selected based on a comparable biomass reduction to the field (below) due to low nitrogen availability. Each core was divided vertically into 10-cm segments. Roots were divided into two classes based on stele diameter (thick, diameter . 300 mm; or thin, diameter . 100 mm and , 200 mm). The length and volume of living cortical area were measured for each root.
Statistical Analysis
A total of 3,792 simulations were run. All computations were run on the cluster plabipd hosted at the Forschungszentrum Jülich. To reduce noise introduced by the random number generator, four repetitions were necessary, and variation among replications is due to stochasticity in growth rates and branching frequency within the same root class. Data were analyzed by paired Student's t tests, Pearson correlation coefficients, and Tukey's honestly significant difference test in R 3.1.2 (R Core Team, 2014). Significant differences only indicate that results are unlikely to be artifacts of the random number generator.
Field Studies
Four barley genotypes (Nuerenburg, Golf, Arena, and Tkn24b) were used in field studies. Genotypes Nuerenburg and Tkn24b are landraces, and Golf and Arena are modern varieties. Tkn24b is from Nepal, Nuerenburg and Arena are from Germany, and Golf is from the United Kingdom. Landraces typically have a faster progression of RCS compared with modern varieties (Schneider et al., 2017) . Genotypes were selected for contrasting RCS based on previous screening studies (data not shown).
Genotypes were planted in two replications under both high and low nitrogen availability in a loamy silt soil at Campus Klein Altendorf (50°3694799N, 6°59939.399E) on March 23, 2016. Due to equipment errors, the Nuerenburg genotype was only planted in one replication. Planting density was 87 plants m 22 in plots 0.95 m in length and 1.5 m wide. On April 27 and June 16, 2016, soil cores 2 cm in diameter were taken directly over two randomly selected plants in each plot to a depth of 100 cm. These dates were chosen because 35 DAG is when RCS has developed in both seminal and nodal roots (Schneider et al., 2017) and 85 DAG is anthesis. The core was divided into 10-cm segments. Cores were washed carefully to extract the roots, and roots were preserved in 75% ethanol. For each root, the length was measured by scanning and analyzing preserved root segments using WinRHIZO Pro (Régent 389 Instruments). After length analysis, each root was stained with Acridine Orange for anatomical analysis.
Solution Culture Studies
Seeds of two barley genotypes (Nuerenburg and Golf) were surface sterilized in 1.5% (v/v) NaOCl in water and then transferred to germination paper (76 lb; Anchor Paper). Seeds were rolled in the germination paper into tubes and placed in covered beakers containing 0.5 mM CaSO 4 . Beakers were placed in a dark climate chamber at 28°C for 4 d. Next, the beaker was placed under a fluorescent light (350 mE m 22 s
21
) for 1 d. Five germinated seedlings were transferred to each 33-L solution culture tank. Seedlings were randomly assigned foam plugs suspended above each tank. Plants were grown in solution culture in a climate chamber (22°C, 12 h of daylight, and 50% relative humidity) for 30 d. The nutrient solution (pH 5.5) contained 2.5 mM KNO 3 , 2.5 mM Ca(NO 3 ) 2 , 1 mM MgSO 4 , 0.5 mM KH 2 PO 4 , 50 mM NaFeEDTA, 0.2 mM Na 2 MoO 4, 10 mM H 3 BO 3 , 0.2 mM NiSO 4 , 1 mM ZnSO 4 , 2 mM MnCl 2 , 0.5 mM CuSO 4 , and 0.2 mM CoCl 2 . The pH of the nutrient solution was adjusted to 5.5 daily using KOH, and the complete solution was replaced weekly.
After 45 DAG, plants were harvested from solution culture. In three replications, lateral roots were sampled for each genotype at three positions (8-10 cm, 18-20 cm, and 28-30 cm from the root apex) on seminal and nodal axial roots. Sampled lateral root segments were preserved in 70% ethanol for Acridine Orange staining.
Anatomical Analysis
Acridine Orange staining was performed according to Henry and Deacon (1981) , except that the staining time was extended to 30 min. After staining, roots were embedded in a gelatin capsule using Tissue-Tek CRYO-OCT compound (Fisher Scientific). Transverse cross sections 60 mm thick were cut using a Kryostat 2800 Frigocut-E (Reichert-Jung, Leica Instruments). Images of cross sections were acquired on a compound microscope (Axioplan 2, mounted with an AxioCam ICc 5, Filter 09: Blue 450-490 nm; Carl Zeiss; 203 magnification). For solution culture experiments, the total number of cortical cell files and the number of cortical cell files with at least one viable nucleus were recorded. Acridine Orange fluorescent nuclei were used to phenotype RCS, and the disappearance of the cortex, as determined by the number of viable cortical cell files, was used to phenotype RCS on a root cross-sectional level.
For field experiments, root cross sections were analyzed for stele diameter and the amount of living cortical area. The length of the root was multiplied by the amount of living cortical area for each section to determine the living cortical volume of each root segment. The root segments were classified by their stele diameter as a thick root (diameter . 300 mm) or a thin root (diameter . 100 mm and , 200 mm). These diameter classes exclude lateral roots and capture the majority of nodal and seminal roots. The total living cortical volume in each 10-cm soil slice was summed and divided by the total root length of the appropriate diameter class in that slice. Data were analyzed using Pearson correlation coefficients in R 3.1.2 (R Core Team, 2014).
Supplemental Data
The following supplemental materials are available.
Supplemental Figure S1 . RCS formation in first-order lateral roots of nodal and seminal roots 45 DAG.
Supplemental Figure S2 . Effects of RCS on plant growth over time under varying availability of nitrogen, phosphorus, and potassium.
Supplemental Figure S3 . Effects of the RCS allocation function on the requirement of root tissue for optimal plant growth.
Supplemental Figure S4 . Effects of RCS on total root length under varying availability of nitrogen, phosphorus, and potassium at 80 d of growth.
Supplemental Figure S5 . Investment of phosphorus and subsequent payoff in root tissues with and without RCS.
Supplemental Figure S6 . Effects of RCS on the respiration rate per root length under varying availability of nitrogen, phosphorus, and potassium at 80 d of growth.
Supplemental Figure S7 . Effects of RCS on total nutrient uptake under varying availability of nitrogen, phosphorus, and potassium at 80 DAG.
Supplemental Figure S8 . Effects of RCS on total nutrient uptake under varying availability of nitrogen, phosphorus, and potassium at 20 DAG.
Supplemental Figure S9 . Effects of RCS on nitrogen, phosphorus, and potassium uptake under suboptimal nutrient availability.
Supplemental Figure S10 . Utility of RCS formation in axial and lateral roots under varying availability of nitrogen, phosphorus, and potassium dissolved in solution at the start of the simulation.
Supplemental Figure S11 . Effects of RCS in axial and lateral roots on total nutrient uptake under varying availability of nitrogen, phosphorus, and potassium at 80 DAG.
Supplemental Table S1 . RCS formation in first-order lateral roots of nodal and seminal roots at 45 DAG.
Supplemental Appendix S1. Root water uptake model.
Supplemental Appendix S2. SimRoot parameterization.
